1. Introduction {#sec1-viruses-08-00094}
===============

The Filoviridae family consists of two genera of viruses denoted Ebolavirus and Marburgvirus, which are non-segmented, negative-strand RNA viruses. Filovirus infection of nonhuman primates and humans causes a highly lethal hemorrhagic fever disease with case mortality rates of 30%--90% \[[@B1-viruses-08-00094]\]. Marburgviruses were named for the location of the first recognized filovirus outbreak that took place in Marburg, Germany in 1967. The outbreak originated in imported, infected monkeys from Uganda with diseases occurring primarily in vaccine production workers processing tissues \[[@B2-viruses-08-00094],[@B3-viruses-08-00094]\]. The Marburgvirus genus consists of two species, Marburg Marburgvirus (MARV) and Ravn Marburgvirus (RAVV) \[[@B4-viruses-08-00094]\]. Since the original outbreak, less than 50 total cases of MARV or RAVV were reported until a large outbreak having \~50% case mortality occurred during 1998--2000 in the Democratic Republic of Congo followed by a second outbreak in 2005 in Northern Angola where the case mortality rates were 80%--90% \[[@B5-viruses-08-00094],[@B6-viruses-08-00094],[@B7-viruses-08-00094]\]. More recently, there have been outbreaks in 2012 and 2014 both originating in the Kabale and Ibanda regions of Uganda \[[@B8-viruses-08-00094]\].

Numerous vaccine platforms have been assessed for efficacy against lethal Marburgvirus exposure over the last 30--40 years \[[@B9-viruses-08-00094]\]. Multiple species of rodents and nonhuman primates have been used as animal models of Marburg hemorrhagic fever in humans; however, rhesus and cynomolgus macaques exhibit disease progression similar to humans and, therefore, are the most utilized models for assessing vaccine efficacy \[[@B10-viruses-08-00094],[@B11-viruses-08-00094]\]. Classical vaccine approaches, such as inactivated viruses, were attempted in early endeavors with mixed success in nonhuman primate models \[[@B12-viruses-08-00094],[@B13-viruses-08-00094]\], while more recent novel approaches using innovative molecular biology techniques have shown more promise \[[@B14-viruses-08-00094]\]. Replication-deficient virus-vectored candidates such as the Venezuelan equine encephalitis virus replicon particle (VRP) and adenoviruses encoding the protective glycoprotein (GP) antigen with or without the viral nucleoprotein were amongst the first vaccine platforms to show success \[[@B15-viruses-08-00094],[@B16-viruses-08-00094],[@B17-viruses-08-00094]\]. Vaccination with DNA alone can protect against lethal MARV infection in macaques and DNA prime with a virus vectored vaccine boost seems to provide stronger immunological responses than DNA alone \[[@B18-viruses-08-00094]\]. GP-expressing replication-competent virus vectors such as vesicular stomatitis virus, human parainfluenza virus type 3, and rabies virus have also demonstrated protection against subsequent filovirus infections in macaques \[[@B19-viruses-08-00094],[@B20-viruses-08-00094],[@B21-viruses-08-00094],[@B22-viruses-08-00094]\]. Recently, virus-like particles (VLPs) were also shown to protect vaccinated macaques against parenteral ebolaviruses and MARV challenge \[[@B23-viruses-08-00094],[@B24-viruses-08-00094]\].

VLPs mimic the particle structure of the authentic native viruses, present the protective viral antigens to the immune system with the correct conformation, but lack a viral genome; thus, these properties engender VLPs to be safe, economical, potent vaccine candidates. In the past several years, VLPs have risen in the vaccine field as a promising vaccine platform for a diverse set of viral pathogens including both nonenveloped and enveloped viruses \[[@B25-viruses-08-00094],[@B26-viruses-08-00094],[@B27-viruses-08-00094],[@B28-viruses-08-00094],[@B29-viruses-08-00094]\]. Encouragingly, a number of VLP-based vaccines are licensed for human use including Engerix^®^ and Recombivax HB^®^ hepatitis B vaccines as well as Cervarix^®^ and Gardasil^®^ human papillomavirus-like particle-based vaccines for prevention of cervical cancer \[[@B30-viruses-08-00094]\].

Expression of the filovirus matrix protein, viral protein 40 (VP40), is sufficient to drive budding of filovirus-like particles \[[@B31-viruses-08-00094]\]. However, addition of GP to the VLPs is required to elicit protective immunity since it is the major determinant of protection against filovirus infections \[[@B32-viruses-08-00094]\]. The VLP vaccine candidate tested most extensively to date also includes the viral nucleoprotein (NP), which, when included, localizes in the core beneath VP40 \[[@B33-viruses-08-00094]\] and is hypothesized to add the advantage of additional protective T cell epitopes \[[@B34-viruses-08-00094]\]. Vaccination with VLPs has recently been demonstrated to protect nonhuman primates against three different species of ebolaviruses including homologous protection using Ebola virus (EBOV) and Sudan virus (SUDV) VLPs \[[@B23-viruses-08-00094],[@B35-viruses-08-00094]\], as well as heterologous protection against Tai Forest Virus (TAFV) by EBOV VLPs \[[@B35-viruses-08-00094]\]. Vaccination of guinea pigs and cynomolgus macaques with MARV VLPs containing GP, nucleoprotein (NP) and VP40 induces protective immunity against parenteral challenge with both MARV (Musoke and -Ci67 isolates) and RAVV \[[@B24-viruses-08-00094]\]. In the current work, we sought to determine whether MARV VLPs were able to protect against exposure with a lethal dose of aerosolized MARV. This is relevant as aerosolized filoviruses are considered to be potential biothreat agents \[[@B36-viruses-08-00094],[@B37-viruses-08-00094]\].

2. Materials and Methods {#sec2-viruses-08-00094}
========================

2.1. MARV VLP Production {#sec2dot1-viruses-08-00094}
------------------------

For a generation of the MARV VLPs, the MARV GP, NP and VP40 genes were inserted into a single baculovirus vector system for expression in insect cells \[[@B11-viruses-08-00094],[@B24-viruses-08-00094],[@B38-viruses-08-00094],[@B39-viruses-08-00094]\]. Sf9 insect cells were infected with the single recombinant baculovirus, and the VLPs were recovered from the culture supernatants by high-speed centrifugation, purified on sucrose gradients, and resuspended in phosphate buffered saline (PBS), as previously described \[[@B23-viruses-08-00094],[@B24-viruses-08-00094],[@B38-viruses-08-00094],[@B39-viruses-08-00094],[@B40-viruses-08-00094],[@B41-viruses-08-00094]\]. Total proteins in the VLP preparations were determined and the VLPs were analyzed by SDS-PAGE/Western blotting and ELISA for filovirus protein content and identity, immunogenicity in mice and endotoxin levels.

2.2. Animal Care and Use {#sec2dot2-viruses-08-00094}
------------------------

Cynomolgus macaques (Macaca fascicularis) were selected as the test species since they are considered the "gold standard" for testing filovirus vaccines. Inclusion Criteria---to be suitable for this study, NHPs were required to be immunocompetent, testable by polyclonal activation of lymphocytes *in vitro* prior to vaccinations, and seronegative for selected retroviruses (simian immunodeficiency virus (SIV), simian retrovirus (SRV) and simian T-cell leukemia virus (STLV)) and filoviruses. Macaques were obtained from Worldwide Primates (Miami, Florida) and were young adult males (\>1.5 years) having body weights of \>4 kg to \<9 kg.

Animals were singly housed in stainless steel cages and supplied with a standard primate diet (Purina 5L07 diet) throughout the study. Water was available *ad libitum*. They were provided toys and treats such as fruit and granola bars. Oral rehydration solution was provided when an animal met the dehydration criteria. Room controls were set to maintain temperatures at 20 to 24 °C (68--75 °F), with a relative humidity of 50% ± 25% with a 12 h light/dark cycle.

Animal care personnel observed the macaques daily for general health, humane treatment, and husbandry conditions. For 21 days after challenge (study days 112--133), animals were also observed at least twice daily by scientific investigators (*i.e.*, health checks were performed a minimum of three times per day). For days 22--28 after challenge (study days 134--140), observations returned to once daily, unless the animal was considered ill. The attending veterinary staff provided routine veterinary medical care during the experiments and were on call 24 hours per day to provide emergency care if required.

Each macaque was anesthetized, weighed, assessed by physical examination, and had its temperature taken and a blood sample collected on study days 0, 14, 28, 42, 56, 70, 84, 105, 112, 115, 117, 119, 122, 126, 133, and 140. Techniques for blood collection and guidance on blood collection volumes were derived from the U.S. Army Medical Research Institute of Infectious Diseases (USAMRIID) Standard Operating Procedures. Blood specimens were collected aseptically from anesthetized nonhuman primates in "Vacutainer" tubes with a 21 gauge 1.5 inch needle via the femoral vein. Blood sample collection was limited to a maximum of 10% of blood volume based on 6.5 mL/kg (e.g., for a 4 kg animal, no more than 26 mL may be collected at once) during a single draw or a total of 10% over a two-week period.

When an animal became clinically ill and met the predetermined criteria for euthanasia, it was first anesthetized and a final blood sample was collected. Subsequently, euthanasia was performed by intravenous or intracardiac administration of a barbiturate overdose.

All macaques that survived until study day 140 (day 28 after MARV challenge) were considered to have survived the viral infection. These animals were then anesthetized, bled, and euthanized as described above.

Partial necropsies were performed on all of the macaques by a board-certified veterinary pathologist. The following tissues from each animal were sampled for histology: axillary lymph node, inguinal lymph node, mandibular lymph node, mesenteric lymph node, liver, spleen, left and right kidney, larynx, thyroid, trachea, lungs, and mediastinal lymph nodes.

This animal research was conducted according to the research protocol approved by the USAMRIID Institutional Animal Care and Use Committee. This was in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adhered to the principles stated in the Guide for the Care and Use of Laboratory Animals, National Research Council, 2011. The facility where this research was conducted is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. All challenge studies and necropsies were conducted under maximum containment in an animal biosafety level 4 (BSL-4) facility at USAMRIID.

2.3. VLP Vaccination {#sec2dot3-viruses-08-00094}
--------------------

Thirteen macaques received intramuscular injections in the caudal thigh muscle containing 3 mg (total protein) of MARV VLPs and either 0.1 mg of QS-21 adjuvant (Agenus, Inc., Lexington, MA, USA) or 0.5 mg/kg of polyI:C adjuvant (Oncovir, Washington, DC, USA). The three control animals received injections of one of the adjuvants only. Immunizations were performed on study days 0, 42, and 84.

2.4. Determination of IgG Antibody Titers against GP and VP40 {#sec2dot4-viruses-08-00094}
-------------------------------------------------------------

Pre-challenge blood samples from each macaque were tested by ELISA for serologic responses to filovirus proteins (purified MARV GP amino acid residues 1 to 649 (GPdTM) or VP40) on study days 0, 14, 28, 42, 56, 70, 84 and 105. GPdTM was expressed in 293T cells \[[@B42-viruses-08-00094]\] and purified using a two-step column chromatography method from the supernatants. VP40 was produced and purified as we have previously described \[[@B12-viruses-08-00094]\]. ELISA plates were directly coated with the antigen of interest before application and detection of the antibody samples. The antibodies in unknown samples were tested for binding to the GPdTM or VP40 protein coated on the plates and quantitated based on a standard curve of positive control pooled sera derived from hyperimmune macaques (also referred to as reference detection antibody, RDA). The RDA is well characterized using a 4-parameter (4PL) curve fit and the value of the 4PL curve inflection point was used to establish the number of antibody units for the RDA \[[@B13-viruses-08-00094]\]. Antibody units were then log-transformed and tested using a repeated-measure two-way ANOVA followed by a multiple comparisons test for VP40 where a significant interaction was noted.

2.5. Virus Challenge Procedures {#sec2dot5-viruses-08-00094}
-------------------------------

MARV was grown on Vero cells (6 total passages) and enumerated using standard plaque assay \[[@B43-viruses-08-00094]\]. Administration of the virus challenge was performed on study day 112 with the challenge material administered in the subcutaneous (SQ) tissues of the left thigh of each animal or via the aerosol route, as previously described \[[@B44-viruses-08-00094],[@B45-viruses-08-00094]\]. The target challenge dose for both SQ and aerosol exposure was 1000 plaque-forming units (pfu)/mL. For the SQ challenge, each macaque received 0.5 mL of challenge stock MARV-Musoke, which upon back-titration revealed an actual challenge dose of 315 pfu/macaque. For aerosol challenge, each macaque was exposed to 10 mL of challenge stock MARV-Musoke using a previously described methodology, and the air in the aerosolization chamber was sampled during each exposure to calculate the actual inhaled dose of virus that each animal received \[[@B46-viruses-08-00094],[@B47-viruses-08-00094]\]. This revealed that the inhaled dose ranged between 40--135 pfu/macaque.

2.6. Post-Challenge Sample Analytics {#sec2dot6-viruses-08-00094}
------------------------------------

Blood was collected from each animal on the days specified in [Section 2.2](#sec2dot2-viruses-08-00094){ref-type="sec"} above. Clinical chemistry analyses (Complete Metabolic) were performed on serum within 1 hour of blood processing. The following chemical parameters were assessed: sodium (NA), potassium (K), carbon dioxide (CO~2~), bicarbonate (HCO~3~), chloride (CL), glucose (Glu), blood urea nitrogen (BUN), creatinine (Cre), calcium (Ca), albumin (ALB), total protein (TP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and total bilirubin (TBIL). Hematological analysis of whole blood was performed as well and the following parameters were captured: White blood cell count (WBC), red blood cell count (RBC), hemoglobin (Hgb), hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet count (Plt), percentage of lymphocytes (Ly%) and number of lymphocytes (Ly\#). Viremia was determined using standard plaque assay \[[@B43-viruses-08-00094]\].

3. Results {#sec3-viruses-08-00094}
==========

3.1. Antibody Responses in Vaccinated Macaques {#sec3dot1-viruses-08-00094}
----------------------------------------------

Cynomolgus macaques were vaccinated with MARV VLPs ([Figure 1](#viruses-08-00094-f001){ref-type="fig"}) on study days 0, 42, and 84 and serum antibody titers against purified MARV GP and VP40 were determined for each animal every two to three weeks (study days 0, 14, 28, 42, 56, 70, 84 and 105). In addition to the saponin derivative QS-21, which has been used as an adjuvant for previous filovirus vaccine studies \[[@B24-viruses-08-00094]\], we also examined the ability of polyI:C \[[@B48-viruses-08-00094],[@B49-viruses-08-00094],[@B50-viruses-08-00094]\] as an adjuvant to induce protective immunity of the MARV VLPs. Control animals, which were vaccinated with QS-21 or polyI:C adjuvant alone, did not generate any antibody responses to either MARV GPdTM or VP40 (below the limit of detection at a 1:100 dilution of serum). Results for the VLP-vaccinated animals are presented in [Figure 2](#viruses-08-00094-f002){ref-type="fig"}. The vaccinated animals exhibited similar kinetics of antibody responses to both antigens, with detectable antibody titers at day 14, which waned slightly at day 42 and increased again after the second and third vaccinations were administered on study days 42 and 84 ([Figure 2](#viruses-08-00094-f002){ref-type="fig"}). Animals vaccinated with MARV VLPs with either QS-21 or polyI:C exhibited similar responses to the protective GP antigens (*p* = 0.6006). Animals vaccinated with MARV VLPs and polyI:C had higher responses to the VP40 antigen than those vaccinated with MARV VLP and QS-21, specifically at the later time points of days 70, 84 and 105 post vaccination (*p* = 0.0057).

3.2. Quantitation of Virus Inocula {#sec3dot2-viruses-08-00094}
----------------------------------

For the SQ challenge, the results of virus back titration indicated that each macaque received 315 pfu of MARV ([Table 1](#viruses-08-00094-t001){ref-type="table"}).

For aerosol challenge, the results of the back titration indicated that each macaque received between 40 and 135 pfu of MARV (results for each animal are listed in [Table 1](#viruses-08-00094-t001){ref-type="table"}). The presented dose is calculated for each animal by multiplying the total volume (V~t~) of experimental atmosphere inhaled (V~t~ = V~m~ × length of exposure) by the aerosol concentration (C~e~) ("presented dose"pC~e~ × V~t~). This equation assumes constant minute volume and constant aerosol concentration over time with complete (100%) respiratory deposition. Aerosol concentration is calculated by: (C~sampler~ × V~sampler~)/(Q~sampler~ × t~sampled~); where Cs~ampler~ = the titrated concentration of the sampler, V~sampler~ = the volume of the collection media in the sampler, Q~sampler~ = the flow rate through the sampler, and t~sampled~ = the total time the sample was taken.

The historical average mass median aerodynamic diameter of the generated aerosol particles containing filovirus is approximately 1.4 μm with a geometric standard deviation of 2.1, as measured by a Model 3321 Aerodynamic Particle Sizer (TSI, St. Paul, MN, USA) and by a seven-stage cascade impactor (Intox, Albuquerque, NM, USA).

3.3. Post-Challenge Observations {#sec3dot3-viruses-08-00094}
--------------------------------

### 3.3.1. Behavioral and Other Visible Clinical Signs {#sec3dot3dot1-viruses-08-00094}

In Groups 1, 2 and 4, the macaques vaccinated with MARV VLPs and challenged via either aerosol or SQ route, there were no animals with visible clinical signs of filovirus infection. The adjuvant only control macaques presented with typical clinical signs of filovirus infection in macaques. Animal 16-P-S, which was vaccinated with polyI:C alone and challenged by the SQ route exhibited severe depression, moderate rash, and no food intake at day 10 post challenge. Both of the macaques that received QS-21 only (animals 11-Q-A and 15-Q-S) exhibited severe depression, widespread rash, and no food intake at day 10 post challenge. These results are shown in [Table 1](#viruses-08-00094-t001){ref-type="table"}.

### 3.3.2. Temperatures {#sec3dot3dot2-viruses-08-00094}

Rectal temperatures of the animals were measured during the challenge phase of the study on days 0, 3, 5, 7, 10, 14, 21 and 28 post challenge. In Group 1 (MARV VLP + Poly-IC adjuvant with aerosol challenge), only one macaque (animal 3-MP-A) recorded a temperature increase of \>2 degrees Fahrenheit above baseline measurement. This fever was only present on day 10 post challenge and subsequently returned to normal for the remainder of the study. Body temperatures in the other animals in this group were normal throughout the study. In Group 2 (MARV VLP + QS-21 adjuvant with aerosol challenge), animal 7-MQ-A had a fever on days 10, 14, and 21 post challenge, but its temperature had returned to normal by the end of the study. Body temperatures in the other animals in this group were normal throughout the study. None of the three adjuvant only control animals developed an observed fever. However, animal 16-P-S (polyI:C with SQ challenge) did record a large decrease in temperature of 8 degrees Fahrenheit on day 10 post challenge and was subsequently euthanized.

### 3.3.3. Hematological and Clinical Chemistry Parameters {#sec3dot3dot3-viruses-08-00094}

Hematology parameters were determined in all surviving animals during the challenge phase of the study on days 0, 3, 5, 7, 10, 14, 21 and 28 post challenge. Abnormal results are summarized in [Table 1](#viruses-08-00094-t001){ref-type="table"}. In the vaccine Groups 1, 2, and 4, the changes in white blood cell (WBC) counts were unremarkable. For the adjuvant only control groups, all three macaques displayed ≥2× increased WBC counts on study day 10 post infection immediately prior to euthanasia. Platelet levels were also determined. In Group 1, only animal 4-MP-A showed a decrease in platelet count after challenge (day 7 post challenge), which returned to baseline by the next sample date. Other macaques in this group had unremarkable changes in platelet count. In Group 2, animal 10-MQ-A displayed a decrease in platelet count after challenge (day 10 post challenge), which returned to a normal level at the next sampling date. Other macaques in Group 2, as well as in Group 4 and the adjuvant only control groups had unremarkable changes in platelet count. Other than these reported changes in hematology parameters, no additional alterations were noted in any of the groups (a complete list of tests is listed in the methods section).

Serum clinical chemistry parameters were determined on days 0, 3, 5, 7, 10, 14, 21 and 28 post challenge. A complete list of tests is listed in [Section 2.6](#sec2dot6-viruses-08-00094){ref-type="sec"} of the methods. On days 5 and 7 after challenge, animal 3-MP-A in Group 1 (MARV VLP + Poly-IC adjuvant with aerosol challenge) had increased ALT levels above baseline (3× and 2×, respectively) with these levels returning to baseline at the day 10 after challenge time point. There were no other remarkable changes in the clinical chemistry parameters in this animal or in the other macaques in this group. On days 14 and 21 after challenge, animal 6-MQ-A in Group 2 (MARV VLP + QS-21 adjuvant with aerosol challenge) had increased ALP levels (4× and 2×, respectively) with resolution by day 28 after challenge. There were no other remarkable changes in the clinical chemistry parameters in this animal or in the other macaques in this group. The clinical chemistry analyses for the Group 4 monkeys (MARV VLP + QS-21 adjuvant with SQ challenge) did not reveal any abnormalities in any of the animals.

In contrast to the VLP-vaccinated animals, numerous abnormalities in the serum chemistry parameters were detected in each of the macaques that received adjuvant only. On day 7 after viral challenge, all three macaques had increased levels of ALT (2× for all) and AST (5×, 6×, and 7×); increases in these enzymes are indicative of hepatocellular damage. Two of the macaques also had increased ALP levels, which indicate bile stasis, at day 7 post challenge (2× and 4×). On day 10 after challenge and the day of euthanasia, all three of the animals had markedly increased levels of ALT (10×, 21×, and 22×), AST (50×, 60×, and 71×), and ALP (5×, 8×, and 14×). While only one of these macaques had increased levels of CRE at day 7 post challenge (4×), all three animals had increased CRE levels at day 10 post challenge (4×, 6×, and 6×), as well as \>2× increase in BUN levels. Increases in CRE and BUN are indicative of compromised kidney function. One animal had decreased levels of glucose at day 7 post challenge (3×), and all three macaques had decreased glucose levels at day 10 post challenge (2×, 5×, and 8×); hypoglycemia often occurs in animals that are anorexic and/or moribund.

### 3.3.4. Viremia {#sec3dot3dot4-viruses-08-00094}

Viremia of the challenged macaques was assessed on study days 0, 3, 5, 7, 10, 14, 21 and 28 post challenge. Detectable circulating virus was only present in the three adjuvant only vaccinated animals starting at day 5 post infection, peaking at study day 7 post challenge and leveling out or slightly decreasing on study day 10 post challenge ([Figure 3](#viruses-08-00094-f003){ref-type="fig"}). There was no detectable circulating virus in any of the MARV VLP vaccinated animals at any of the time points tested (data not shown).

### 3.3.5. Necropsy Findings {#sec3dot3dot5-viruses-08-00094}

All three of the adjuvant control monkeys had gross lesions that are typical of those that occur in cynomolgus macaques with lethal MARV infections. These included numerous red cutaneous macules (commonly referred to as a "petechial rash"), a tan to yellow friable liver, an enlarged spleen, and one or more enlarged peripheral lymph nodes. Most of the lesions seen histologically in these animals were also characteristic of MARV infection. Splenic lesions consisted of moderate to marked lymphoid depletion with lymphocyte lysis, acute inflammation, and fibrin deposition ([Figure 4](#viruses-08-00094-f004){ref-type="fig"}A). Varying degrees of lymphoid depletion and lymphocyte lysis were also present in several lymph nodes of these animals. Their livers had multiple foci of hepatocellular degeneration and necrosis accompanied by varying degrees of acute to subacute inflammation ([Figure 4](#viruses-08-00094-f004){ref-type="fig"}B). Marked inflammation and necrosis were present in mediastinal lymph nodes of the aerosol-challenged macaque (animal 11-Q-A); this was not seen in either of the two SQ-challenged animals. The most likely explanation for this is that the mediastinal lymph nodes receive lymphatic drainage from the lungs and that there were high titers of MARV in the pulmonary lymph of the aerosol-challenged animal.

All of the macaques that had been vaccinated with VLPs survived the viral challenge and, as expected, none of these animals had gross lesions suggestive of an active MARV infection at the time of necropsy. The only significant gross lesions seen in these monkeys was mild to moderate enlargement of one or more lymph nodes; this was noted in nine of the 13 animals, which included eight of the aerosol-challenged animals (four monkeys each in Group 1 and Group 2) and one of the SQ-challenged animals (Group 4). Histologically, all 13 monkeys had varying degrees of lymphoid hyperplasia in their spleen ([Figure 4](#viruses-08-00094-f004){ref-type="fig"}C) and lymph nodes. This explains the enlargement of the lymph nodes seen grossly and it is consistent with a reaction to systemic antigenic stimulation associated with vaccination and/or viral challenge. The degree of lymphoid hyperplasia in the mediastinal lymph nodes tended to be greater in the aerosol-challenged animals than in those SQ-challenged, and this was likely associated with high viral titers in the pulmonary lymph following aerosol challenge.

Each of these vaccinated survivors also had one or more foci of very mild subacute inflammation in their liver ([Figure 4](#viruses-08-00094-f004){ref-type="fig"}D). The liver is a target organ of MARV infection, and the lesions present in these monkeys were most likely residual effects of the viral challenge. However, the lesions were too mild to have been of clinical significance and there was no evidence of active viral infection.

Foci of chronic interstitial pneumonia and/or pleuritis were present in seven of the 10 vaccinated survivors that had been aerosol-challenged; four of these were from Group 1 and three were from Group 2. These lesions were probably induced by the aerosol challenge; however, there was no evidence of an active viral infection at the time these animals were euthanized. In five of these seven macaques, the pulmonary lesions were very mild and clinically insignificant. In the other two animals (one from Group 1 and one from Group 2), the pneumonia was more extensive and may have caused clinical signs at some time but it appeared to be resolving and was unlikely to have been clinically significant at the time the animals were euthanized. None of these animals were noted to have clinical signs of respiratory disease during the course of the study; it is also possible that the lung lesions in these monkeys were present before the study began and/or were unrelated to the viral challenge.

There were no other remarkable findings in the survivors.

4. Discussion {#sec4-viruses-08-00094}
=============

In this study, cohorts of cynomolgus macaques were vaccinated with VLPs expressing proteins from MARV (Musoke isolate) in the presence of QS-21 or polyI:C adjuvants or were sham-vaccinated with adjuvant alone. Animals were then challenged with the homologous MARV-Musoke strain either by aerosol or SQ route. The outcome indicates that vaccination with MARV VLP with either adjuvant (QS-21 or polyI:C) provides complete protection against challenge with aerosolized MARV-Musoke. Additionally, as expected, MARV VLP with QS-21 adjuvant provided 100% protection against SQ homologous challenge.

This is the first report to date of a subunit vaccine protecting macaques against lethal aerosol infection with MARV. To our knowledge, there is only one other report of a vaccine protecting against aerosolized MARV infection where a multivalent live, replicating vesicular stomatitis virus-based vaccine protected against infection with both Ebola and MARV infections \[[@B45-viruses-08-00094]\]. Additional reports of virus-vectored adenovirus and Venezuelan equine encephalitis virus replicon particle vaccines show protection against multiple ebolaviruses \[[@B17-viruses-08-00094],[@B44-viruses-08-00094]\]. The filovirus VLP platform had not been previously shown to be efficacious against an aerosol infection and further studies to demonstrate protection against other filovirus species such as RAVV, EBOV, SUDV, TAFV and BDBV will be necessary.

In this study, we further broadened the use of novel adjuvants given in conjunction with the filovirus VLPs in nonhuman primates. We had previously shown that Ebola VLPs administered in combination with RIBI or QS-21 adjuvant provide protection of nonhuman primates against homologous and heterologous parenteral infection (\[[@B23-viruses-08-00094]\] and unpublished data). Additionally, MARV VLPs administered in combination with QS-21 protected macaques from parenteral infection with homologous MARV (Musoke or Ci67 strains) or heterologous RAVV \[[@B24-viruses-08-00094]\]. Our recent work showed that addition of polyI:C, R848 or MPL adjuvants increased the potency of Ebola VLPs in mice and guinea pigs \[[@B50-viruses-08-00094]\]. This was the first pilot study using polyI:C with VLP vaccination, and we were encouraged by the protection observed with VLP in the presence of polyI:C when the macaques were challenged by the aerosol route. A cohort of macaques vaccinated with VLP and polyI:C with subsequent infection via SQ route for direct comparisons to our previous study with MARV VLPs and QS-21 was not included in the current studies but should be conducted in the future \[[@B24-viruses-08-00094]\]. The requirement for use of adjuvant for protection by the filovirus VLPs should also be tested.

There are many advantages of the VLP vaccines for filoviruses for future use in humans including manufacturability, lack of ability to replicate, and a known safety profile of this vaccine platform in humans. Their use for protection against multiple species of filoviruses will require at least three components (EBOV, SUDV and MARV VLPs) to broadly protect against the viruses known to be virulent in humans. The inclusion of a component for protection against MARV and RAVV should not be dismissed in future efforts for filovirus vaccines. Disease caused by MARV is just as deadly and spread with the same mechanism as Ebola, and there have been a larger number of MARV outbreaks in the last decade than those caused by EBOV \[[@B51-viruses-08-00094]\]. Fortunately, these recent outbreaks of MARV disease did not affect highly populated areas and the spread could be contained unlike the current EBOV outbreak in West Africa \[[@B52-viruses-08-00094],[@B53-viruses-08-00094]\].

5. Conclusions {#sec5-viruses-08-00094}
==============

Vaccination of cynomolgus macaques with MARV VLP with either QS-21 or polyI:C adjuvant provided complete protection against challenge with aerosolized MARV-Musoke.
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![Western blot showing identity of MARV antigens in the MARV VLP preparations used for vaccination. VLP preparations were separated on a SDS-PAGE gel, transferred to nitrocellulose and subjected to immunoblotting using MARV GP---(left sample lane), NP---(middle sample lane) and VP40---(right sample lane) specific antibodies. A molecular mass marker is located in the left most lane.](viruses-08-00094-g001){#viruses-08-00094-f001}

![(**A**,**B**) IgG response of nonhuman primates against MARV antigens following MARV VLP vaccination. Serum titers from vaccinated macaques were measured for IgG against purified MARV GPdTM (A) or VP40 (B) by ELISA. The data are expressed as the antibody units for individual animal responses with animals receiving MARV VLP with QS-21 depicted as open squares or those receiving MARV VLPs with polyI:C depicted as closed circles or as the mean antibody units for each group (lines) at each time point the samples were drawn. Vaccination with MARV VLPs combined with either QS-21 or polyI:C exhibited similar responses to the protective GP antigens (*p* = 0.6006) but animals vaccinated with polyI:C had higher responses to the VP40 antigen than those vaccinated with QS-21, specifically at the later time points of days 70, 84 and 105 post vaccination (*p* = 0.0057).](viruses-08-00094-g002){#viruses-08-00094-f002}

![Assessment of viremia in MARV infected macaques. Viral load in serum samples for each animal on various time points after challenge was determined using a standard plaque assay. No virus was detected in any of the MARV VLP vaccinated macaques, regardless of the adjuvant or challenge route used. Viremia of the three control macaques is represented as the values for individual monkeys on each study day after the challenge day. The limit of detection for the plaque assay (50 pfu) is depicted by the dotted line.](viruses-08-00094-g003){#viruses-08-00094-f003}

![Photomicrographs of liver and spleen from macaques that were challenged with MARV. (**A**) spleen from a control animal (vaccinated with QS-21 adjuvant only and challenged subcutaneously) has a lymphoid nodule with markedly reduced numbers of lymphocytes (*i.e.*, lymphoid depletion) and which is surrounded by pale pink deposits of fibrin in the adjacent red pulp. The center of this nodule (asterisk) has an aggregate of histiocytes and fragments of lysed lymphocytes; (**B**) liver from a control animal (vaccinated with QS-21 adjuvant only and aerosol challenged) has multiple foci of hepatocellular degeneration and necrosis (arrowheads). Numerous neutrophils and monocytes are present in the sinusoidal blood vessels and aggregate around necrotic hepatocytes in one area (asterisk); (**C**) spleen from a VLP-vaccinated animal (Poly I:C adjuvant and aerosol challenged) that survived the viral challenge. A proliferation of lymphocytes (*i.e.*, lymphoid hyperplasia) expands a lymphoid nodule (asterisk); (**D**) liver from a VLP-vaccinated animal (QS-21 adjuvant and aerosol challenged) that survived the viral challenge. Tissue is normal except for a small focus of subacute inflammation (arrowhead). Magnification: 100× for panels (A) and (C); 200× for panels (B) and (D). Hematoxylin and eosin stain was used for tissue sections in all panels.](viruses-08-00094-g004){#viruses-08-00094-f004}
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###### 

Animal group assignment, challenge dose, and outcome of study. Macaques were vaccinated with 3 mg of Marburgvirus-like particles (MARV VLPs) with adjuvant or adjuvant alone three times at 6 week intervals with the viral challenges occurring 4 weeks after the final vaccination. N.S. = no signs; Fever is defined as a temperature more than 2.0 °F over baseline; Temp drop is defined as a temperature less than 5.0 °F below baseline; Moderate rash = areas of red macules covering between 10% and 40% of the skin; Severe rash = areas of red macules covering more than 40% of the skin; ↑, 2- to 3- fold increase; ↑↑, 4- to 5-fold increase; ↑↑↑, \>5-fold increase; ↓, 2- to 3- fold decrease; ↓↓↓, \>5-fold decrease; Weight loss is shown as percentage compared to weight at study start; BUN, blood urea nitrogen; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; WBC, white blood cells; Plt, platelet; CRE, creatinine; GLU, glucose.

  Group Description                    ID        Challenge Route            Challenge Dose (pfu)   Day Post Challenge   Outcome                                                                                                                                                                              
  ------------------------------------ --------- -------------------------- ---------------------- -------------------- ------------ --------------------------------- ----------------------------------------------------------------------------------------------------------- ------- ---------- ------ --------------------
  *Group 1: mVLP + Poly-IC adjuvant*   1-MP-A    Aerosol                    40                     N.S.                 N.S.         N.S.                              N.S                                                                                                         N.S.    N.S.       N.S.   Survived
  2-MP-A                               105       N.S.                       N.S.                   N.S.                 N.S.         N.S.                              N.S.                                                                                                        N.S.    Survived          
  3-MP-A                               122       N.S.                       ↑ALT                   ↑ALT                 Fever        N.S.                              N.S.                                                                                                        N.S.    Survived          
  4-MP-A                               113       N.S.                       N.S.                   ↓Plt                 N.S.         N.S.                              N.S.                                                                                                        N.S.    Survived          
  5-MP-A                               113       N.S.                       N.S.                   N.S.                 N.S.         N.S.                              N.S.                                                                                                        N.S.    Survived          
  *Group 2: mVLP + QS-21 adjuvant*     6-MQ-A    Aerosol                    135                    N.S.                 N.S.         N.S.                              N.S.                                                                                                        ↑↑ALP   ↑ALP       N.S.   Survived
  7-MQ-A                               113       N.S.                       N.S.                   N.S.                 Fever        Fever                             Fever                                                                                                       N.S.    Survived          
  8-MQ-A                               83        N.S.                       N.S.                   N.S.                 N.S.         N.S.                              N.S                                                                                                         N.S.    Survived          
  9-MQ-A                               93        9.5% weight loss (day 3)   N.S.                   N.S.                 N.S.         N.S.                              N.S.                                                                                                        N.S.    Survived          
  10-MQ-A                              117       N.S.                       N.S.                   N.S.                 ↑WBC, ↓Plt   N.S.                              N.S.                                                                                                        N.S.    Survived          
  *Group 3: QS-21 only*                11-Q-A    Aerosol                    113                    N.S.                 N.S.         ↑↑ALP, ↑ALT, ↑↑↑AST               Severely depressed, severe rash, no food, ↑↑WBC, ↑↑↑BUN, ↑↑↑ALP, ↑↑↑ALT, ↑↑↑AST, ↑↑CRE, ↓GLU                                          Euthanized day 122
  *Group 4: mVLP + QS-21 adjuvant*     12-MQ-S   SQ                         315                    N.S.                 N.S.         N.S.                              N.S.                                                                                                        N.S.    N.S.       N.S.   Survived
  13-MQ-S                              315       N.S.                       N.S.                   N.S.                 N.S.         N.S.                              N.S.                                                                                                        N.S.    Survived          
  14-MQ-S                              315       N.S.                       N.S.                   N.S.                 N.S.         N.S.                              N.S.                                                                                                        N.S.    Survived          
  *Group 5: QS-21 only*                15-Q-S    SQ                         315                    N.S.                 N.S.         ↑ALP, ↑ALT, ↑↑↑AST, ↑↑CRE, ↓GLU   Severely depressed, severe rash, no food, ↑WBC, ↑↑BUN, ↑↑↑ALP, ↑↑↑ALT, ↑↑↑AST, ↑↑↑CRE, ↓↓↓GLU                                         Euthanized day 122
  *Group 6: Poly-IC only*              16-P-S    SQ                         315                    N.S.                 N.S.         ↑ALT, ↑↑↑AST                      Severely depressed, moderate rash, no food, ↑WBC, ↑BUN, ↑↑↑ALP, ↑↑↑ALT, ↑↑↑AST, ↑↑↑CRE, ↓↓↓GLU, Temp Drop                             Euthanized day 122
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